Introduction {#S1}
============

Antibody-dependent enhancement (ADE) is a phenomenon in which the intensity of infection increases in the presence of preexisting poorly neutralizing antibodies. Dengue virus (DENV) and Zika virus (ZIKV) are positive-stranded RNA viruses in the family *Flaviviridae*. Both viruses infect humans, result in similar clinical symptoms, and are transmitted mainly by mosquitoes ([@B1], [@B2]). The high public health concerns of ZIKV have attracted attention of worldwide researchers for designing and developing effective vaccines, drugs, therapeutics along with formulating appropriate prevention, and control strategies to counter this emerging pathogen ([@B3], [@B4]). ZIKV has only one serotype ([@B5]), whereas DENV comprises four recognized serotypes (DENV1--DENV4). The envelope (E) and non-structural 1 (NS1) proteins of ZIKV and DENV share sequence similarity in the range of 54.0--57.8% ([@B6], [@B7]). The similarity in E proteins of the four different DENV serotypes is 63%, which is slightly higher than the similarity between ZIKV and DENV ([@B8]). This sequence similarity results in a cross-reactive antibody response between ZIKV and DENV, which has been recently described ([@B9], [@B10]). Extensive cross-reactivity between ZIKV and DENV virus antibodies may not only create problems for antibody-based diagnosis ([@B11]) but also pose challenges because of the possibility of ADE of ZIKV infection resulting from DENV non-neutralizing antibodies as demonstrated in many *in vitro* experiments. Antibodies to DENV have been reported to interact with ZIKV, producing both protective effects (owing to cross-neutralization) ([@B12], [@B13]) and ADE (owing to poorly neutralizing antibodies) ([@B14], [@B15]). ADE of DENV infections has been observed in young children born to mothers' who are immune to DENV. Catabolism of maternal antibodies in the child results in sub-neutralizing concentrations of antibody, which can lead to ADE ([@B16]). DENV-ADE of ZIKV infection has been well established in *in vitro* and in laboratory animal models; however, this is not the case in experiments with monkeys, in which preexisting DENV antibodies did not worsen ZIKV infection. In fact, in comparison with non-exposure, pre-exposure to DENV helped in clearing ZIKV infection more quickly in monkeys ([@B13]). Investigation of a cohort of patients, who were previously infected with DENV showed neither ADE of ZIKV infection nor significant differences in ZIKV loads ([@B17]). Reciprocally, antibodies to ZIKV have been shown to enhance DENV2 viremias in a rhesus macaque model that exhibits neutropenia, lymphocytosis, hyperglycemia, and higher reticulocyte counts, with the involvement of inflammatory mediators ([@B18]).

The phenomenon of ADE has been well documented and reproduced using both monoclonal antibodies and polyclonal sera in *in vitro* models using Fcγ receptor-expressing cells, including the cell lines K562 and U937, as well as primary human monocytes, macrophages, and dendritic cells. During ADE in THP-1 cells, type-I interferon (IFN) is suppressed, and IL-6 and IL-10 levels are increased ([@B19], [@B20]). ADE has been difficult to reproduce in animal models, as DENV replicates poorly in animals other than humans (approximately 1,000 times less) and severe disease outcomes such as dengue hemorrhagic fever (DHF) are not observed. IFN receptor-deficient AG129 mice, commonly used in ADE studies, display neurological symptoms and splenomegaly ([@B21]), and develop lethal vascular leakage and other symptoms similar to DHF. In non-human primates, ADE is difficult to reproduce as DHF and dengue shock syndrome (DSS) occur infrequently. However, there is little evidence for the enhancement of viremia in animals treated with below neutralizing levels of DENV antibody relative to that in controls ([@B22]). In humans also, not all studies support the existence of ADE. In a study by Libraty et al. ([@B23])., infants born to DENV3-immune mothers showed ADE in subsequent DENV3 infections, but a higher level of DENV3 ADE activity was not associated with DHF. In contrast, in another study, infants born to DENV2-immune mothers exhibited enhanced infections and DHF/DSS of less than 12 months of age ([@B24]). The present review focuses mainly on DENV-ADE and the role of DENV antibodies in possible ZIKV ADE. In addition, the role of FcγRs and different molecular events in ADE like inhibition of STAT1, IFN signaling, nitric oxide (NO) production, retinoic acid-inducible gene (RIG)-1, and melanoma differentiation-associated gene (MDA)-5 gene expression, as well as the roles of IL-10 upregulation, autophagy, and hypoxia in ADE are discussed. This review describes *in vitro* and *in vivo* experiments on ADE in various models, including mice, macaque, and humans, and the use of mAbs, polyclonal sera, or human cord blood sera in various experiments. DENV antibodies play a role in modulating immune responses, i.e., cross-protecting or causing ADE in DENV or ZIKV infection. We discuss antibody engineering, including the introduction of mutations like LALA in the Fc region, and the use of bispecific antibodies, swapping of Fc regions, and production of anti-idiotypic antibodies as some strategies that can be employed to reduce/prevent ADE by eliminating strong interactions between the Fc region of antibodies and FcγR and inhibiting antibody effector functions. These strategies may be helpful in the development of prophylactics.

The Antibody-Dependent Enhancement (ADE) {#S2}
========================================

The phenomenon of ADE in arbovirus infections was first described in 1964 ([@B25]). Prior to this, there were reports that preexisting non-neutralizing antibodies were responsible for enhanced infection with several human and animal viruses, including DENV ([@B26]), ZIKV ([@B27]), Ebola virus ([@B28]), HIV ([@B29]), Aleutian mink disease parvovirus ([@B30]), coxsackievirus B virus ([@B31]), equine infectious anemia virus ([@B32]), feline infectious peritonitis virus ([@B33]), simian hemorrhagic fever virus ([@B34]), caprine arthritis virus ([@B35]), porcine reproductive and respiratory syndrome virus ([@B36]), and African swine fever virus ([@B37]). Similarly, in the case of Murray Valley encephalitis (MVE) virus, higher antibody concentrations resulted in virus neutralization and reduced plaque numbers in chicken embryo (CE) cell monolayers, but with lower concentrations of antibodies, the number of plaques increased ([@B38]). Halstead et al. ([@B39]) reported that previous DENV infection predisposed humans to more severe DENV disease, and the role of ADE was hypothesized in causing severe dengue in children with secondary DENV infections. ADE was observed *in vitro*, with peripheral blood leukocytes (PBLs) from DENV-immune rhesus macaques enhancing the growth of virus. In PBLs from non-immunized animals, DENV decay was similar to decay in a cell-free system, whereas the growth curves of DENV with PBLs from immunized animals were similar to the growth curve of other susceptible cells. This indicated the enhancement of DENV infection in PBLs in the presence of preexisting antibodies. The indirect evidence for preexisting antibodies playing a role in ADE was that PBL permissiveness to DENV was associated with the development of a humoral immune response and could be reproducibly demonstrated only in PBLs from immune donors ([@B40]). ADE was also demonstrated in rhesus monkeys, a natural DENV host, which received intravenous injections of human cord blood sera from normal or DENV-immune mothers, and higher and longer viremias were observed in animals receiving DENV-immune cord blood sera in comparison with their paired controls who received cord blood serum from non-immune donors ([@B41]).

In DENV-ADE, non-neutralizing antibodies form an immunocomplex with DENV, and this complex is internalized by Fc-receptor-bearing cells, including monocytes/macrophages and dendritic cells, culminating in an increased virus load and disease severity. A few studies have suggested that virus immune-complex-mediated suppression of intracellular antiviral responses is responsible for enhanced virus replication ([@B19], [@B42]), with some suggesting that increased entry of DENV through FcγR ([@B43]) or increased fusion potential of the virus ([@B44]) is behind the phenomenon of ADE.

Molecular Mechanisms Underlying DENV-ADE {#S3}
========================================

During ADE, an equal number of intracellular viral RNA copies were found in DENV and DENV-ADE-infected K562 cells ([@B45]). K562 cell is a monocytic cell line that lack type-I IFN genes; therefore, ADE in this model is independent of IFN suppression. During DENV-ADE, early suppression of NOS2 synthesis helps the virus to evade early innate immune detection. RIG-1 and MDA-5 protein expression is downregulated, whereas that of IL-10 and autophagy-related proteins such as DAK and Atg5--Atg12 is upregulated. Molecular mechanisms underlying the phenomenon of ADE have mostly been explored in *in vitro* studies on DENV. In one *in vivo* experiment, Ng et al. ([@B46]) showed increased severity of dengue disease in AG129 mice (IFN-α/β/γ receptor deficient), with DENV2-infected mice born to DENV1-immune mothers dying and displaying higher levels of IL-6 and TNF-α than mice born to naive mothers. The possible mechanisms involved in ADE of DENV infections are outlined below.

1.  *Inhibition of STAT1 and interferon signaling*: an antiviral response is induced upon infection with viruses. Type-I IFNs stimulate IFN receptor subunits IFNAR1 and IFNAR2 to activate Janus kinases Jak1 and Tyk2 and signal transducers of transcription STAT1 and STAT2, which upregulate many IFN-stimulated genes ([@B47]). IFN antagonism is an essential requirement for mosquito-borne viruses to maintain high viral loads in the blood and to continue the vector--host cycle. Inhibition of IFN signaling is mediated mainly by the NS5 protein. NS5 proteins in flaviviruses exhibit functional similarities and inhibit IFN signaling through various mechanisms. In WNV infections, NS5 targets the host protein prolidase to inhibit the expression of IFNAR1 ([@B48]); whereas in DENV infections, NS5 recruits the host ubiquitin protein ligase E3 component N-recognin (UBR4) to degrade STAT2 ([@B49]). In contrast, ZIKV has been shown to bind to and reduce STAT2 levels by dose-dependent proteosomal degradation ([@B50]).

    In THP-1 cells, STAT1 phosphorylation increased during DENV infection, whereas, in the case of DENV-ADE, STAT1 phosphorylation was inhibited. Similarly, IRF-1 gene expression is increased in DENV infections but reduced with DENV-ADE ([@B51]). ADE also enhances the number of fusion-positive cells and number of fusions per cell, resulting in increased internalization of virus. However, contrary to the results of other experiments, DENV2-ADE was not shown to suppress IFNs; rather, it prevented induction ([@B44]). Therefore, any increase in the amount of virus remains unnoticed initially, eventually allowing viral replication to higher titers.

2.  *Inhibition of NO expression*: NO synthesized by nitric oxide synthase 2 (NOS2), part of an innate immune response, inhibits DENV viral RNA synthesis through attenuating the RNA-dependent RNA polymerase ([@B52]). When NO levels were evaluated at different time intervals in DENV and DENV-ADE-infected cells, direct DENV infection was found to increase NOS2 levels, whereas DENV-ADE-infected cells showed decreased levels of NOS2. This result suggested initial evasion of innate immunity. In a study of 60 patients with primary DENV fever, primary DENV hemorrhagic fever, secondary DENV fever, and secondary DENV hemorrhagic fever, mean NO levels in plasma were determined. The highest viremia and lowest NO plasma levels were observed in the secondary DENV hemorrhagic fever group. NO production was not suppressed in patients with primary DENV hemorrhagic fever, suggesting a role of ADE in NO suppression ([@B51]).

3.  *Inhibition of RIG-1 and MDA-5 genes*: RIG-1 and MDA-5 genes participate in recognition of viral RNA and induce type-I IFN signaling through mitochondria antiviral protein (MAVS) ([@B53]). RIG-1 recognizes small RNAs with 5′-triphosphate caps, whereas MDA-5 recognizes long genomic RNA and replication intermediates ([@B54]). The levels of RIG-1 and MDA-5 increased in DENV-infected THP-1 cells relative to those that were uninfected; in contrast, they decreased in DENV-ADE infections. In DENV infections, expression of signaling molecules downstream of RIG-1/MDA-5 results in type-I IFN production. DENV-ADE complexes did not stimulate the expression of RIG-1/MDA-5 signaling molecules, and type-I IFN production was attenuated ([@B19]). In peripheral blood mononuclear cells (PBMCs) from patients with secondary DENV hemorrhagic fever, RIG-1, MDA-5, and IFN-β promoter stimulator (IPS)-1 were significantly suppressed in comparison with that in PBMCs of patients with DENV fever only. NF-κB is a heteromdimer consisting of p65 and p50 subunits, associated with inhibitor protein Iκ-B. Lower RIG-1 and MDA-5 decrease the NF-κB levels, which manifest into increase in the expression of subunit p65 of NF-κB and decrease in Iκ-B. NF-κB is a transcription factor, which regulates the expression of pro-inflammatory cytokines including TNF-α. Iκ-B degradation leads to the translocation of NF-κB to the nucleus and it drives expression of pro-inflammatory cytokines ([@B55]).

    Interferon-β levels were reduced in PBMCs from patients with secondary DENV hemorrhagic fever relative to those in PBMCs from patients with DENV fever. IRF-1 transcription was also reduced in DENV-ADE-infected K562 cells ([@B45]). In THP-1 cells, IL-6 is upregulated, whereas IL-12 and IFN-γ are downregulated, which indicates that there is a bias for Th2-type response. During natural DHF/DSS in infants, significantly higher levels of TNF-α have been observed in comparison to healthy controls and blocking of TNF-α has shown to reduce the mortality ([@B56]). In U937-derived macrophages, a higher level of TNF-α has been observed and the increased concentrations of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β, IL-8) are linked with the fatal plasma leakage associated with the severe form of DENV infection. During ADE of infection, both the IL-10 as well as IL-6 levels are increased ([@B51]).

4.  *Upregulation of IL-10*: in DENV infection *via* the Fc receptor pathway, ADE modifies not only the entry of opsonized virus into cells but also innate and adaptive intracellular immune response. This facilitates the production of anti-inflammatory cytokine IL-10, which decrease the expression of IL-12 and IFN-γ ([@B51]). IL-10 also mediates SOCS-3 activation; PBMCs from patients with secondary DENV infection shown to express higher levels of SOCS-3 than those from patients with primary DENV infections ([@B19]). IL-10 production rapidly increased during DENV-ADE infections, and cell-type specificity and genetic polymorphisms of hosts affect IL-10 production ([@B57]). In a cohort of 45 Cuban patients, sera were found to have higher IL-10 levels during secondary DENV infections ([@B58]). Dendritic cells, B cells, mast cells, monocytes, and NK cells have shown ADE-dependent production of IL-10. Patients with secondary DENV2 infections exhibited significantly higher IL-10 levels in a study on 182 patients hospitalized with dengue in Taiwan ([@B59]). In contrast, in China, of 353 patients hospitalized with dengue (212 patients with primary and 141 with secondary DENV1 infections), no statistically significant difference was observed in IL-10 levels in patients with primary and secondary infections ([@B60]). During early infections \[2 hours post infection (hpi) and 24 hpi\], upregulation of IFN-β, TNF-α, IL1β, and IL-6 cytokines, with little to no IL-10, was observed in DENV-infected primary human macrophages, despite ADE. Of note, IL-10 plays an important role in intrinsic ADE in monocytes ([@B51]), whereas, in macrophages, IL-10 is poorly induced after ADE ([@B20]).

5.  *Upregulation of autophagy*: autophagy contributes to cell survival during nutrient starvation, infection, and environmental and cellular stress conditions. During autophagy, cytoplasmic or cellular organelles are enclosed in double membranous vesicles called autophagosomes. Later, these autophagosomes fuse with lysosomes to form autophagolysosomes, in which cellular components are digested. Autophagy exerts both pro-viral and anti-viral effects ([@B61]). DENV infection may promote autophagy and the formation of the autophagosomes, amplifying DENV titers in an Atg5-dependent manner. DENV replication was suppressed when autophagy was blocked with authophagy inhibitor 3-methyladenine (3-MA) ([@B62]). When infected with ZIKV, autophagy is increased in human cytotrophoblast cells (JEG-3 cell line), as evidenced by the accumulation of LC3-II in ZIKV-infected cells. The use of 3-MA, chloroquine (CQ), and Baf A1, all of which inhibit autophagy at various points, decreased ZIKV titers, whereas administration of autophagy inducers like rapamycin and Torin 1 resulted in increased ZIKV titers in trophoblasts of pregnant mice. ATG16L1 plays an essential role in autophagosome maturation by directing LC3 to autophagosomes to facilitate fusion with lysosomes. The placenta of mice hypomorphic for gene Atg16L1 (Atg16l1HM) showed an approximately 10-fold decrease in ZIKV titers in comparison with placentas from wild-type mice ([@B63]). In suckling mice infected with DENV2, the use of autophagy inducer rapamycin increased titers, whereas autophagy 3-MA decreased titers, in the brains of infected mice ([@B64]). The autophagic machinery also blocks IFN-β production ([@B65]), and a DENV non-structural protein, NS4A, uniquely upregulates autophagy. In the case of DENV-ADE, autophagy is upregulated in a PI3K-dependent manner ([@B66]).

    In DENV-ADE infection, autophagy was significantly increased in pre-basophil-like KU812 cells and immature mast cell-like HMC-1 cells. NS4A and NS4B of ZIKV suppress host Akt-mTOR signaling, leading to increased autophagy for increased viral replication and impaired neurogenesis of human fetal neural stem cells (fNSCs) ([@B67]), whereas DENV NS4A alone can upregulate autophagy in epithelial cells ([@B66]).

    Dengue virus-ADE infection also showed an increase in the number of autophagosome vesicles, LC3 punctuation, LC3-II accumulation, and p62 degradation ([@B68]). Ubol and Halstead ([@B69]) showed that, in the presence of DENV-ADE in humans, negative regulators of RIG-1 and MDA-5 (DAK and Atg5--Atg12) were activated, disrupting RIG-1/MDA-5 signaling and limiting the type-I IFN-mediated antiviral response.

    The impact of autophagy on flavivirus infections is possibly species specific. In addition, it is dependent partly on factors such as the cell line, virus strain, and autophagy inducer/inhibitors used in the study.

6.  *Role of FcγRs in ADE*: FcγR generally participates in phagocytosis. Antibody-opsonized DENV enters a cell through a different pathway than non-opsonized DENV. At dilutions higher than neutralizing end points, immune complexes are formed between DENV and the antibody, which binds to the cell receptor through the Fc region to be internalized. This facilitates viral infection and a subsequent increase in virus production ([@B70]). Entry of both DENV and antibody-opsonized DENV in P388D1 cells is dynamin, actin, pH, and Rab7 dependent. DENV entry is independent of FcγR, PI3K, and Rab5; on the other hand, infection with antibody-opsonized DENV requires all these ([@B71]). FcγR are strongly expressed by monocytes, macrophages, and dendritic cells, when these cells are infected with opsonized viruses. Through FcγRs, IgG antibodies are capable of mediating ADE infection. FcμR is rare in the phagocytes of mice and humans ([@B72]); therefore, the involvement of IgM in ADE may be negligible. However, when FcγRs are engaged in binding to immunocomplexes, instead of activating an immune response, innate immunity is suppressed by an increase in IL-10 production and Th2 bias, which eventually leads to an increase in virus output from the infected cells ([@B73]).

    Secondary DENV infections result in ADE, which leads to vascular leakage and endothelial permeability ([@B74]). Pathological amounts of NS1 protein from DENV1, DENV2, DENV3, and DENV4 result in vascular leakage and endothelial dysfunction, along with the production of key inflammatory cytokines. Immunization of mice with NS1 of DENV2 protects mice from lethal DENV2 challenge or ADE. With other serotypes (DENV1, DENV3, DENV4), also NS1 immunization offered substantial protection from lethal DENV-induced vascular leakage syndrome in mice ([@B75]). Fcγ receptor-dependent (and also independent) mechanisms are involved in NS1 mAb-mediated protection, as evidenced by an experiment on congenic Fcγ receptor I- and III-deficient mice ([@B76]).

    Because of its higher expression, FcγRIIA appears to be the more permissive than FcγRI for DENV-ADE. Internalization by FcγRI or FcγRIIA ligands affects the permissiveness of the complex ([@B42]). FcγRI-mediated phagocytosis has been found to be negatively regulated by FcγRIIB ([@B77]). IgG antibodies may cross the placenta and be transported through the placental blood to fetuses. In a fetus, infection is mediated by the neonatal Fc receptor (FcRn) ([@B78]). A close association between infectivity and phagocytic activity has been reported ([@B79]). FcγRIIA-mediated phagocytosis of the DENV-immune complex is initiated by lipid raft-induced receptor accumulation, which leads to the initiation of signaling cascades by the cytoplasmic domain of Ig gene family tyrosine activation motif (ITAM) molecules. ITAM molecules are phosphorylated at tyrosine residues by Src family kinases. These phosphorylated ITAM molecules recruit Syk/ZAP-70 kinases and other effectors to initiate phagocytosis ([@B80]). In WNV, a close relative of DENV, the quantity of antibodies determines this initiation process. With fewer antibodies, a single opsonized particle enters through clathrin-coated pit; a specialized membrane structure, constituting polyhedral lattice of clathrin protein to facilitate the receptor mediated endocytosis. When the antibody concentration is higher, antibody-mediated aggregates of multiple viral particles are phagocytosed ([@B81]). Similar to DENV, in visceral leishmaniasis, a protozoan disease, ADE has been demonstrated ([@B73]). When the surface of amastigotes forms an immune complex with IgG, the immune complex is ligated to FcγR, which facilitates the production of higher levels of IL-10. *Leishmania* disease severity is directly proportional to the levels of IL-10 in the plasma of patients ([@B82]). In DENV also, higher viremias have been associated with higher levels of IL-10 and disease severity ([@B83]). In ADE, because antibodies are non-neutralizing and present at lower levels, DENV and ZIKV are likely to enter through coated pits.

7.  *Role of hypoxia in ADE*: the level of oxygen plays a role in monocyte trafficking to the lymph nodes and spleen and in viral pathogenesis. Hypoxia can inhibit some viruses, such as adenovirus, influenza virus, and simian virus 40, because these viruses target O~2~-rich tissues; in contrast, hepatitis C virus (HCV) and Sendai virus usually reside in tissues with lower O~2~ levels ([@B84]--[@B86]). DENV replicates mainly in endothelial cells, fibroblasts, myeloid-derived cells, and lymphocytes ([@B87]--[@B89]). DENV is transported from the site of infection to lymph nodes by dendritic cells ([@B90]). The oxygen content of the microenvironment in lymph nodes is lower than the atmospheric oxygen level (\~0.5--4.5% O~2~ vs. \~20% O~2~) ([@B91]). It is already an established phenomenon that, at a lower O~2~ level, immunoregulatory and inflammatory response-associated genes are overexpressed ([@B92]). At a lower O~2~ level, hypoxia-inducible factor-1 alpha (HIF1α) may act as a transcriptional enhancer that induces the expression of FcγRIIA. As result of FcγRIIA expression, internalization of DENV-immune complexes increases ([@B93]). In hypoxic conditions, opsonization of DENV by antibodies results in the accumulation of DENV particles. Thus, *in vitro* assays to determine the protective, neutralizing, or enhancing potential of antibodies against DENV or ZIKV that are conducted at higher O~2~ concentrations might lead to an underestimation of ADE potential *in vivo* ([@B93]). Evidence of the role of hypoxia in *in vivo* experiments is indirect ([@B94]) and has shown the upregulation of genes (PRKCB1, ARF6, PRKCD, PXN, FYN, VAMP3, DGKB, DOCK1, PTEN) involved in FcγR-mediated phagocytic signaling in mice cerebellums under hypoxic conditions.

8.  *Relationship between lipid rafts and ADE*: cholesterol plays a role in replication of various flaviviruses, and cholesterol metabolism is required for replication of the DENV genome ([@B95]). The major target of DENV is cells of the monocyte lineage that express FcγRs ([@B96]). Binding of IgG with lipid raft-associated FcγRs is essential for Src family kinase-mediated signaling ([@B97]), which contributes to cellular activation, cytotoxicity, and internalization of IgG-opsonized virus particles ([@B98]). For some viruses, proteins in lipid rafts act as receptors for viral entry ([@B99]). To determine the role of lipid rafts in ADE of DENV, a study was conducted with the drugs filipin, nystatin, and MβCD, which inhibit the formation of lipid rafts in U937 cells. FcγR associates with lipid rafts upon binding with IgG. These rafts were found to be an essential requirement for DENV-ADE, since inhibition of lipid raft formation reduces ADE ([@B100]). The association between the immune complexes and FcγRII formed during ADE is not stable in the absence of lipid rafts; thus, dissociation of these complexes occurs ([@B101]). Distortion of lipid rafts also prevents signaling essential for the internalization of immune complexes. Thus, drugs that inhibit lipid raft formation, such as nystatin and filipin ([@B102]), may lead to the inhibition of ADE caused by DENV ([@B101]).

Detailed molecular events during DENV infection and DENV-ADE infection are illustrated in Figure [1](#F1){ref-type="fig"}.

![Events of immune response during Dengue virus (DENV) infection and DENV-antibody-dependent enhancement (ADE) infection. **(A)** DENV infection: (a) upon viral entry, pattern recognizing receptor (PRR) signaling activates RIG-1 and MDA-5, (b) IFN-α/β are produced, (c) NO production is upregulated, (d) phosphorylation of STAT1 is reduced, and (e) less viral progeny is produced. **(B)** DENV-ADE infection: (1) virus-antibody immune complex binds to FcγR and is trafficked inside the cell; (2) PRR signaling is not involved and RIG-1 and MDA-5 are suppressed; (3) IFN-α/β production is inhibited, (4) negative regulation of DAK and Atg5--Atg12; (5) disrupts the RIG-I/MDA-5 (PRRs) signaling cascade; (6) enhanced expression of p65 of NF-κB and degradation of I κB resulted in elevated levels of IL-6, IL-8, IL-1β, and TNF-α (pro-inflammatory cytokines); (7) IL-10 secretion enhances SOCS-3 and SOCS-1; (8) in turn attenuates STAT1 phosphorylation; (9) downregulation of IL-12 and IFN-γ; (10) NO production is suppressed; (11) autophagy is increased; and (12) more viral progeny is produced.](fimmu-09-00597-g001){#F1}

Effects of Pre-Existing DENV Antibodies {#S4}
=======================================

As noted above, ADE is well established in DENV but still contentious in ZIKV infections. In a few experiments, DENV antibodies were found to mediate ADE in ZIKV infection, whereas in few protections from DENV antibodies have been observed. In one study, 119 mAbs were isolated from four ZIKV-infected patients; out of these, two had no history of DENV infection (ZIKV^+^DENV^−^) and two patients were determined DENV positive by serology (ZIKV^+^DENV^+^). These 119 mAbs were evaluated for DENV/ZIKV neutralization and compared side by side with mAbs isolated previously ([@B103]) from patients infected with DENV alone (DENV^+^ZIKV^−^). Out of the 119 mAbs, 41 were specific for the NS1 protein ([@B10]). The E proteins of ZIKV and DENV have three domains: EDI, involved in a structural change of the virus required for viral entry; EDII, the fusion loop; and EDIII, which is responsible for cellular binding ([@B104]). Interestingly, in the above experiment, out of 119 mAbs, mAbs against the EI and EII domains of ZIKV were found to be highly reactive to E protein of all DENV serotypes. This indicates that mAbs to the EI and EII domains are cross-reactive between ZIKV and DENV, where mAbs to EDIII are DENV or ZIKV specific. Thus, heterologous antibodies raised against EDI/II appear to be responsible for ADE ([@B10]). The notion is recently confirmed in a study into which DNA immunization to raise antibodies against E protein domain I/II was shown to enhance ZIKV infection, but the same was not observed with DNA immunization to the E protein domain III ([@B105]).

Several mAbs against both DENV and ZIKV have been isolated from immunized animal models, as well as from human convalescent serum. The panel of mAbs against both DENV and ZIKV, showing various features like cross-neutralization among flaviviruses, enhancement or inhibition of ADE in *in vitro* and *in vivo* models, and/or specificity for DENV or ZIKV, are presented in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}. This information may be useful in selecting mAbs for various purposes such as identification of epitopes that do not elicit ADE-causing antibodies. mAbs that are broadly neutralizing but cause ADE, such 2A10G6, which was generated against the highly conserved flavivirus fusion loop peptide, may be engineered for safer prophylactic usage.

###### 

Various monoclonal antibodies (mAbs) developed against DENV, capable of broader neutralization; inhibition/enhancement of antibody-dependent enhancement (ADE).

  Species from which mAb is derived            Name of mAb                                                                         Domain of flavivirus involved in mAb binding                                                              Features of mAbs                                                    Reference
  -------------------------------------------- ----------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------- --------------------------------
  Mouse                                        9F12                                                                                Domain III of E glycoprotein                                                                              Neutralize all the four DENV and WNV                                Rajamanonmani et al. ([@B106])
                                                                                                                                                                                                                                                                                                                 
  E60                                          Fusion loop peptide of domain II                                                    Broadly neutralize other flaviviruses                                                                     Crill and Chang ([@B107])                                           
  No binding with FcγR                         Tao and Morrison ([@B108])                                                                                                                                                                                                                                        
  No activation of C1q                                                                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                 
  4G2                                          Domain II of E glycoprotein                                                         Broadly neutralize other flaviviruses                                                                     Charles and Christofferson ([@B109])                                
  Cause ADE of Zika in THP-1 cells                                                                                                                                                                                                                                                                               
  Enhance ZIKV infection in K562 cell line                                                                                                                                                                                                                                                                       
                                                                                                                                                                                                                                                                                                                 
  Female BALB/c mice                           2A10G6                                                                              Highly conserved flavivirus fusion loop peptide (98DRXW101 motif)                                         Broad cross-reactivity against DENV 1--4, YFV, WNV, JEV, and TBEV   Deng et al. ([@B110])
                                                                                                                                                                                                                                                                                                                 
  Human                                        1C19                                                                                Domain II of E glycoprotein                                                                               Inhibits fusion loop (FL) antibodies and enhance ADE                Smith et al. ([@B111])
                                                                                                                                                                                                                                                                                                                 
  DV82-LALA mAb                                Envelope Dimer Epitope I/II                                                         Partial inhibition of ADE                                                                                 Stettler et al. ([@B10])                                            
                                                                                                                                                                                                                                                                                                                 
  33.3A06                                      --                                                                                  Exhibit minimum ADE and strongly neutralize ZIKV                                                          Priyamvada et al. ([@B9])                                           
                                                                                                                                                                                                                                                                                                                 
  C8                                           Envelope Dimer Epitope 1                                                            Form and stabilize DENV envelope dimers                                                                   Rouvinski et al. ([@B112])                                          
  A11                                          Envelope Dimer Epitope 2                                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                 
  C10                                          Envelope Dimer Epitope 1                                                            High therapeutic potential (require only two doses of 10 µg to protect mice from lethal ZIKV infection)   Swanstrom et al. ([@B113])                                          
  Virus surface E glycoprotein----at pH 6.5    High therapeutic potential (one of the most potent mAb against ZIKV)                Zhang et al. ([@B114])                                                                                                                                                        
  E glycoprotein raft structure----at pH 5.0   Prevent structural rearrangement of the E proteins----a vital step for infection.                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                 
  1.6D and D11C                                FL-specific antibodies                                                              Cross-reactive against ZIKV in Rhesus macaque LLC-MK2 kidney epithelial cells                             Costin et al. ([@B115])                                             
  Unable to neutralize ZIKV                    Paul et al. ([@B14])                                                                                                                                                                                                                                              

###### 

Various monoclonal antibodies (mAbs) developed against ZIKV, capable of broader neutralization; inhibition/enhancement of antibody-dependent enhancement (ADE).

  Species from which mAb developed                                                     Name of mAb                                               Domain of flavivirus involved in mAb binding                                            Special notes                                                                                                Reference
  ------------------------------------------------------------------------------------ --------------------------------------------------------- --------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------
  BALB/c mice                                                                          D11                                                       NS1                                                                                     ZIKV specific and negligible cross-reactivity with other flaviviruses                                        <https://thenativeantigencompany.com/product/mouse-anti-zika-virus-ns1-antibody-d11/>([@B116])
                                                                                                                                                                                                                                                                                                                                                      
  Mice                                                                                 ZV-67                                                     lateral ridge                                                                           Neutralize African, Asian, and American strainsPassively transferred antibody protects mice from infection   Zhao et al. ([@B117])
  ZV-54                                                                                                                                                                                                                                                                                                                                               
  ZV-48                                                                                DIII (C--C′ loop)                                                                                                                                                                                                                                              
  ZV-64                                                                                                                                                                                                                                                                                                                                               
  ZV-2                                                                                 DIII (ABDE sheet)                                         Poor inhibition of ZIKV infection                                                                                                                                                                    
  ZV-13                                                                                DI-II                                                     Support ADE of DENV                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                      
  Human                                                                                P1F12                                                     A unique unidentified conformational epitope                                            Specific for ZIKV and did not cross-react with DENV                                                          Magnani et al. ([@B118])
                                                                                                                                                                                                                                                                                                                                                      
  Z23 and Z3L1                                                                         To tertiary epitopes in envelope protein                  No cross-reactivity with DENV1--DENV4                                                   Wang et al. ([@B119])                                                                                        
  Potent ZIKV-specific neutralization *in vitro*                                                                                                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                      
  ZikV-117                                                                             DII dimer-dimer interface                                 Neutralize African, Asian, and American strains                                         Stettler et al.; Zhao et al. ([@B10], [@B117])                                                               
  Prophylactic use                                                                                                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                      
  ZK2B10 and ZK7C3                                                                     E glycoprotein                                            IC50 of 0.04 and 0.11 µg/mL, respectively, for each mAb and potently neutralizing mAb   Yu et al. ([@B120])                                                                                          
  No detectable cross-reactivity with DENV1 and DENV2                                                                                                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                      
  ZKA190                                                                               DIII                                                      Highly potent in ZIKV neutralization                                                    Stettler et al. ([@B10])                                                                                     
  No ADE in K562 cells (\>1-µg/mL concentration)                                                                                                                                                                                                                                                                                                      
  ZKA230                                                                               Neutralizing-non-E binding                                Potentially neutralize ZIKV                                                                                                                                                                          
  Cause ADE at higher concentrations in K562 cells                                                                                                                                                                                                                                                                                                    
  ZKA64                                                                                DIII                                                      Potentially neutralize ZIKV (IC50 values of 93 ng/mL)                                                                                                                                                
  No ADE in ZIKV infections in K562 cells if more than 1-µg/mL concentration is used                                                                                                                                                                                                                                                                  
  ZKA64-LALA                                                                           DIII                                                      Complete blocking of ADE effect                                                                                                                                                                      
  ZKA3                                                                                 Envelope Dimer Epitope I/II                               Partial neutralization of ZIKV infectivity                                                                                                                                                           
  ZKA78                                                                                LALA version of antibody inhibit ADE                                                                                                                                                                                                                           
  ZKA185                                                                               Envelope Dimer Epitope region (Neutralizing Non-Binder)   Does not react with recombinant envelope protein (E-protein) or EDIII                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                      
  ZIKV-116                                                                             E, DIII, and E-FLM.                                       Neutralize diverse ZIKV strains                                                         Sapparapu et al. ([@B121])                                                                                   
  ZIKV-19                                                                              E and E-FLM                                               Weakly neutralize ZIKV infection                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                      
  ZK2B10 and ZK7C3                                                                     E glycoprotein                                            Strongly neutralize ZIKV, DENV1, and DENV2                                              Yu et al. ([@B120])                                                                                          
  Therapeutic potential due to 100% protection of mice from lethal ZIKV challenge                                                                                                                                                                                                                                                                     
  ZV67                                                                                 A strand, the BC loop, the DE loop, and the FG loop       Only ZIKV neutralizing                                                                                                                                                                               
  ZK8-4                                                                                DI/DII                                                    Poorly neutralizing, derived from a plasmablast B cell on day 4                                                                                                                                      
  Non-protective in mice                                                                                                                                                                                                                                                                                                                              

DENV Antibodies in the Enhancement of ZIKV {#S5}
==========================================

The mAb 4G2 enhance the amplitude of ZIKV infection 60-fold in culture supernatants and 248-fold in THP-1 cell pellets in comparison with their respective controls ([@B108]). The mAb 9F12, raised against the DENV2 domain III of E protein, has the ability to neutralize all four DENV serotypes, as well as WNV, even though, generally, the mAbs against this region are highly specific and do not participate in cross-neutralization ([@B105]). Adsorption and fusion analyses indicated that 9F12 plays a role during the early steps of virus entry. The single-chain variable fragment (ScFv) of 9F12 showed similar binding ability to that of the parent antibody, and thus has greater potential to be humanized and used for therapeutic and prophylactic purposes ([@B106]) (Table [1](#T1){ref-type="table"}). In contrast to results of an experiment by Paul et al. ([@B14]), 1.6D and D11C were found to be non-neutralizing and to enhance ZIKV infection in FcR-bearing K562 cells by \~140-fold and \~275-fold, respectively.

Dejnirattisai et al. ([@B15]) showed that pre-incubation of anti-DENV mAbs with ZIKV caused an increase in ZIKV titers in U937 monocytes, which, without ADE, are relatively resistant to DENV/ZIKV infection. Thus, this study showed that ZIKV infection of U937 cells was enhanced by ADE.

Recently, a panel of 54 murine DENV and WNV mAbs was explored to determine their effects against ZIKV in *in vitro* studies. Eight out of 54 antibodies (two WNV-induced and six DENV-induced mAbs) cross-reacted with ZIKV. Out of the eight cross-reactive mAbs, two WNV-induced and one DENV-induced mAb (4G2) enhanced ZIKV infection in the human immortalized myelogenous leukemia line K562. All the enhancing antibodies belonged to isotype IgG2a ([@B7]). Similar to mAb 4G2, WNV-E18 (a WNV-elicited mAb) also bound to the DII fusion loop of the E protein, whereas WNV-E24 bound to the DIII lateral ridge of the same protein ([@B7], [@B122]--[@B124]). The mutated polyvalent mAb E60-hIgG1-N297Q abolished Fc-receptor binding, neutralized DENV, and prevented death in mice ([@B125]). This information regarding broadly neutralizing antibodies and their ability to cause inhibition/enhancement of ADE might be helpful in designing a vaccine that is effective against both DENV and ZIKV (Table [2](#T2){ref-type="table"}).

ADE of DENV/ZIKV in the Presence of DENV Antibodies in *In Vitro* Models {#S5-1}
------------------------------------------------------------------------

There are numerous *in vitro* studies that have supported the phenomenon of ADE. Serologically naïve monkeys were inoculated with DENV serotypes 1--4, and pre- and post-infection lymphocytes from these animals were infected with different DENV serotypes. In PBLs from uninfected monkeys, little virus replication occurred, whereas in PBLs from immune monkeys, there was a significant increase in DENV1, DENV2, and DENV4 titers ([@B126]). In BHK-21 cells that stably expressed FcγRIIA, ADE was demonstrated using both monoclonal antibody (mAb) 4G2, as well as DENV antibody-positive human serum ([@B127]). Similar research group has demonstrated ADE in DENV2-infected BHK cells using 6B6C, 3H12 DENV mAbs, and a virus dose of as little as 5 plaque-forming units (PFUs) ([@B128]). Anti-DENV human mAbs 1.6D and D11C directed against the fusion loop of the virus neutralize all four DENV serotypes. These mAbs cross-react with ZIKV but do not neutralize ZIKV, and they mediate ZIKV ADE *in vitro* in K562 cells approximately 140-fold and 275-fold for MAbs 1.6D and D11C, respectively ([@B14]). Preexisting immunity to DENV has been shown to enhance ZIKV titers in primary human macrophages, as well as in a human macrophage-derived cell line with an altered pro-inflammatory cytokine profile ([@B129]). ZIKV comprises one serotype with two lineages (Asian and African). Sera raised against each of these lineages are capable of neutralizing homologous or heterologous ZIKV lineages ([@B130]). Results of DENV antibody-mediated enhancement of ZIKV infection ([@B15]) and ZIKV infection-mediated enhancement of DENV infection have been documented ([@B18], [@B131], [@B132]). Human mAbs that recognize the viral envelope protein were isolated from DENV-infected patients and found to neutralize all four DENV serotypes. These mAbs resulted in DENV2 ADE in infected THP-1 cells. The F(ab′)2 fragment of these mAbs was able to neutralize all viruses in all four serotypes, similar to the parent mAb; however, no ADE activity was observed. Therefore, these mAbs are potential therapeutic candidates ([@B133]).

ADE of DENV/ZIKV in the Presence of DENV Antibodies in *In Vivo* Models {#S5-2}
-----------------------------------------------------------------------

Although various *in vitro* studies have demonstrated ADE of DENV/ZIKV in the presence of DENV antibodies, the same is not true for *in vivo* studies. DENV antibody mediation of ADE in DENV infection *in vivo* has been reported by several groups of researchers, but the same is not true for ZIKV. This indicates that the serotype of DENV responsible for secondary infection determines the severity of disease. In humans, immunity to one DENV serotype can cause more severe disease in secondary infection with dissimilar DENV serotypes ([@B134]). The cases of DHF/DSS, a severe form of dengue, were more prevalent in patients with primary DENV infections born to DENV-immune mothers and in those with secondary infections with DENV serotypes other than that of the first infection ([@B135]).

In addition, in cases of secondary DENV infections, the frequency of DHF/DSS was approximately 15- to 80-fold higher ([@B34]). In a study of 13 infants from Bangkok with primary DENV2 infections (age less than 12 months), all showed DHF/DSS when maternal DENV-2 neutralizing antibodies declined to an approximately 1:10 titer. Mothers of these infants each had a history of one or more DENV infections, and, as maternal IgG antibodies were catabolized and diluted, DENV2 titers were enhanced in infants ([@B24]). In an investigation involving 65 patients, those who reported prior natural DENV infections did not exhibit higher ZIKV titers upon subsequent ZIKV infection, and no ADE of ZIKV was observed in cases that were pre-exposed to DENV ([@B17]). In addition, results of a screening study of 405 individuals in Brazil and Mexico revealed that ZIKV neutralization titers were higher in individuals previously exposed to DENV1 than in those who were not previously exposed. An assessment of plasma from 168 children with acute DENV infection who attended two hospitals in Thailand indicated that disease severity was associated with higher viremias and secondary DENV infection; DENV2 was associated with more severe disease during secondary infection than in secondary infections with the other DENV serotypes ([@B134]).

Many studies have been conducted to evaluate DENV antibody-mediated ADE in ZIKV infections. In mice receiving DENV-positive convalescent serum, ZIKV titers were enhanced by more than 10-fold on day 3 and viremias were sustained for a longer time, in comparison with mice receiving control plasma or phosphate-buffered saline ([@B136]). In contrast to the results of experiments in mice, in two cohorts of rhesus macaques infected with ZIKV, those pre-infected with DENV did not exhibit more severe Zika symptoms than those that were not. In fact, the number of days of ZIKV viremia was reduced in comparison to the number in naive macaques ([@B13]). During secondary infections with DENV, CD8 + T cells target epitopes of the NS gene ([@B137], [@B138]). Recently, Wen et al. ([@B139]) compared the role of humoral immunity vs. CD8 + T cells in protection against ZIKV infection in DENV-immune mice by depletion and adoptive transfer of T cells. Protection was found to be mediated by CD8 + T cells. The results of this study were consistent with the results of murine studies, in which DENV-specific CD8 + T cells conferred protection against heterogenous DENV serotypes and ADE ([@B140], [@B141]).

Dengue virus ADE in ZIKV infections may be dependent on several factors ([@B142]). For example, the DENV serotype of a prior infection may affect disease severity as in the case of DENV infections, primary infection with DENV1 and a secondary infection with DENV2 or DENV3 can result in greater disease severity in the secondary DENV2 infection ([@B143]); the time interval between the DENV and ZIKV infections as with DENV infection, sequential infections within a span of less than 2 years can blunt the severity of disease in the secondary infection, whereas a wider time interval (2--20) years might result in a severe outcome ([@B144]); and number of previous DENV infections may affect enhancement for dengue, pre-exposure to two or more than two DENV infections can result in protection ([@B145]). It is also worth mentioning that various non-human primates and breeds of mice that are susceptible for DENV and ZIKV infection are available for research; however, DENV infection in these models does not recapitulate the features of human disease; and virus titers are consistently 1,000-fold less than titers found in humans ([@B146]). The same causes may affect the results of ADE as well. Therefore, prior to inferring any conclusions, the results must be analyzed in depth, and many species must be evaluated.

Protection Against ZIKV Infection by DENV Antibodies {#S6}
====================================================

Both ZIKV and DENV are flaviviruses. They show approximately 60% sequence identity, so broadly neutralizing epitopes of DENV may prevent ZIKV infection. However, type-specific mAbs such as 1F4 (DENV1 neutralizing), 2D22 (DENV2 neutralizing), 5J7 (DENV3 neutralizing), and 5H2 (DENV4 neutralizing) did not neutralize ZIKV. In addition, antibodies that are moderately cross-reactive to one DENV serotype (e.g., 4G2, 1N5, and 1M7) failed to neutralize ZIKV ([@B147]). After screening a panel of 30 cross-neutralizing human DENV mAbs, 1C19 was identified as reacting to a BC loop of the conserved domain II of the E protein. The same antibody also competes with the low-potency fusion loop (FL) antibodies, which commonly precipitates ADE ([@B111]).

The mAbs generated from memory B cells (MBCs) of ZIKV-infected patients showed various levels of binding to DENV subtypes. mAbs such as ZIKV-117 exhibited binding specificity and did not react with DENV1, DENV2, DENV3, DENV4, or purified WNV E protein, in contrast, ZIKV-116 bind to DENV1-, DENV2-, and DENV4. ZIKV-117, evaluated in wild-type male C57BL/6 mice with a single dose on day 1 (6.7-mg/kg dose) or day 5 (16.7-mg/kg dose) after virus inoculation, protected the animals against infection ([@B121]). Prophylaxis or post-exposure therapy is useful in treating pregnant mice and reducing virus titer in the mother, the placental and fetal tissues. Two mAbs (Z23 and Z3L1) also exhibited ZIKV-specific neutralization *in vitro*, with no cross-reactivity to either of the DENV serotypes.

Most of the antibodies were found to target the DENV fusion-loop epitope (FLE) of the E protein, whereas only a few targeted a site, termed as envelope dimer epitope (EDE), between two subunits of the E protein in the dimer. A structural analysis of the EDE of DENV was recently conducted by Barba-Spaeth et al. ([@B6]). Two types of EDE have been identified: EDE1, which shows improved binding capacity in the absence of glycan, and EDE2, which shows improved binding capacity in the presence of glycan ([@B6]). The mAbs to the E dimer epitope 1 (EDE1) are cross-reactive, neutralize ZIKV in cell culture, and protect against infection in a murine model. The mAbs EDE1 C8 and EDE1 C10 neutralized both a 2013 French Polynesian strain of ZIKV (H/PF/2013) and a strain from the Americas in 2015 (PRVABC59). Only two 10-µg doses of the mAb EDE1 C10 were required to protect mice from ZIKV infection ([@B113]). Hence, mAbs to EDE (EDE1 C10) offer protection that is superior to that of mAbs to FL (2A10G6), in terms of the quantity required to neutralize ZIKV infection and provide protection in an animal model. In addition, mAbs to EDE were weaker enhancers of ADE compared with mAbs against the fusion loop. The mAbs to EDE outperformed, showing 90% neutralization ([@B112]).

The identification of an epitope that is functionally conserved between ZIKV and DENV may help in designing a vaccine effective against both DENV and ZIKV infection ([@B148], [@B149]). Kam et al. ([@B150]) screened 23 human DENV mAbs for cross-reactivity with ZIKV in Vero E6 cells. The majority of the mAbs exhibited binding to ZIKV particles, with a few showing the capacity to neutralize ZIKV. The mAb SIgN-3C showed the capacity to rescue non-pregnant mice from virus-induced morbidity and mortality, whereas, in pregnant mice, it reduced viremias in placenta and fetal organs. SIgN-3C induced ADE, but when Leu-to-Ala mutations were introduced into the Fc region of this antibody, the mutated mAb (LALA-SIgN-3C) exhibited similar neutralizing efficiency as wild-type SIgN-3C but did not induce ADE. The mAb 33.3A06, which is a plasma blast-derived mAb from DENV-infected patients, potently neutralized ZIKV and exhibited minimal ADE ([@B9]).

Antibody Engineering to Combat ADE {#S7}
==================================

Because mosquitoes are the carriers for both of these viruses, concurrent ZIKV and DENV infections cannot be excluded. The Fc region of an antibody determines its half-life in serum, as well as its effector functions, including complement-dependent cytotoxicity, antibody-dependent cellular cytotoxicity, and antibody-dependent cell phagocytosis. The Fc region of an mAb may be altered to enhance its pharmacological efficacy. Depending on the purpose, the effector function may be enhanced or decreased. For example, to treat tumors, an enhanced effector function is required, whereas antibody targets present on immune cells require a reduced effector function. Binding of antibodies to FcγRs or C1q is dependent on amino-acid residues present in the hinge region and CH2 domain. Mutations that inhibit the interaction of antibody with FcγRs may be useful in preventing ADE. During ADE in DENV-infected patients, IgGs with an affinity to FcγRIIIA are produced. Afucosylated antibodies were elevated in the patients suffering from severe disease associated with secondary DENV infections. Such afucosylated antibodies are non-neutralizing and activate Fc receptors. Thus, vaccine or therapeutic agents that inhibit afucosylated IgG1 can prevent ADE associated with DENV/ZIKV ([@B151]).

IgY is the primary immunoglobulin isotype in oviparous animals that is functional equivalent to mammalian IgG, but the use of avian-derived IgY has additional advantage of dissimilar genetic background and phylogenetic distance from mammals. Also, IgY is unable to bind mammalian FcγR ([@B152]) or other Fc-binding receptors, that reduce its ability to evoke an inflammatory response in humans ([@B153]). In the experiment of Fink et al. ([@B154]), goose-derived, purified anti-DENV2 IgY neutralized DENV2 both in *in vitro* and in AG129 mouse model and prevented ADE in *in vitro*. The goose IgY protected mice from lethal DENV challenge, by binding to the epitopes that were not previously identified ([@B154]). Thus, goose IgY is able to prevent not only DENV infection but also ADE of DENV and the same may be true for ZIKV also.

Mutations in the Fc Region {#S8}
==========================

The Fc region of an engineered antibody must be manipulated in such a way that FcγR and C1q interactions and immune effector functions are reduced in comparison with those of native human IgG1. For this purpose, various mutations have been introduced into the CH2 domain of human IgG1, and their effects on complement-dependent toxicity and ADC have been evaluated. Inhibition of the Fc N-linked aglycosylation site ([@B155]), the LALA double mutation (Leu234Ala, together with Leu235Ala) in the Fc region of the antibody, a leucine to glutamic acid substitution at position 235 of the IgG1 Fc ([@B156]), and an N297Q substitution ([@B125]) has been observed to prevent ADE in DENV. Two variants, P329A and P329G, were assessed for their binding affinity to the receptor. P329G was less reactive with that of P329A, but both showed reduced interactions with their receptors.

Aglycosylation (N297D) or the introduction of the LALA mutation has been shown to reduce the affinity between Fc and FcγR. The ability to bind with FcγRI was found to be completely abolished in a human IgG1-P329G-LALA mutant. In a C1q binding assay, LALA, N297D, and P329G Fc mutations were silent, showing no detectable binding ability. For human IgG1, the P329G mutation was found to have reduced binding affinity to many FcγRs, including FcγRI, FcγRIIa, FcγIIb, and FcγIIIa ([@B156]). Engineered human antibodies with IgG1 alterations in residues at positions 233--236 in the Fc of IgG2 and at positions 327, 330, and 331 in IgG4 markedly decreased complement-dependent and antibody-dependent toxicity ([@B157], [@B158]). Idusogie et al. ([@B159]) reported that an alanine substitution in human IgG1 at positions D270, K322, P329, or P331, largely hampered antibody binding with C1q and complement fixation. A broadly neutralizing human DENV mAb (D23-1G7C2-IgG1), obtained from a DENV-infected patient and developed against the envelope protein, was shown have an ADE effect.

To reduce ADE, the Fc region of D23-1G7C2-IgG1 was modified to generate antibodies of each of the IgG subclasses (IgG2--4). N297A was also introduced to reduce the affinity of these antibodies for Fcγ receptors. These changes in the Fc region resulted in reduced ADE activity in FcγRI and FcγRII-bearing THP-1 cells by the IgG2 or IgG4 subclasses. In contrast, ADE increased after it was swapped for IgG2 in FcγRII only-bearing K562 cells. This information should be exploited to obtain insight regarding antibody engineering to combat ADE against ZIKV ([@B160]). Valuable information may be obtained regarding the use of recombinant antibodies as therapeutics.

Bispecific Antibodies {#S9}
=====================

A bispecific antibody (DVD-1A1D-2A10), with anti-DENV mAb 1A1D-2 (1A1D) specific to E-DIII, which inhibits attachment of DENV to a cell, and mAb 2A10, which binds to E-DII and prevents endosomal fusion of virus, show more potent neutralization than the individual antibodies. Recently, nine amino acids (positions 231--239) in the Fc domain of the DVD-1A1D-2A10 antibody were mutated at the N terminus of the Fc domain. The resulting antibodies showed a high affinity to DENV and neutralized all DENV serotypes without inducing ADE ([@B161]). Thus, similar strategies could be evaluated for the treatment of ZIKV infections.

A bispecific antibody named Fabs-in-tandem (FIT)-1, comprised on two mAbs; ZKA190 and ZKA185, which binds to DIII and DII of E protein, respectively, has been constructed. The FIT-1 has showed high *in vitro* and *in vivo* neutralization abilities along with capability to prevent viral escape mutant formation; therefore, it is having immunotherapeutic potential ([@B162]).

Anti-Idiotypic Antibodies {#S10}
=========================

An anti-idiotypic antibody is an antibody against the antigen binding site \[complementarity determining region (CDR)\] of another antibody. In the case of DENV, enhancing antibodies are specific mainly to the structural pre-membrane protein (prM). Anti-idiotypic antibodies (prM-AIDs) targeting prM mAb are generated by immunizing BALB/c mice. These polyclonal prM-AIDs greatly reduced ADE in K562 cells. In an AG6 mice model, the administration of prM-AIDs reduced ADE and decreased levels of IL-10 and ALT. This suggests that instead of using prM mAb, using prM-AIDs may be a better choice to prevent ADE during DENV infection ([@B119]). The human mAb HM14c10, obtained from a DENV patient who recovered, showed strong neutralization of DENV1 in an AG129 mouse model.

Fab Antibodies {#S11}
==============

The Fab fragment is a part of antibody that is capable of binding with antigen, but is monovalent and lacks the Fc region. The Fab fragment of therapeutic mAb ZIKV-117 has been shown to be effective in preventing fetal infection and death in mice model. Structural analysis revealed that ZIKV-117 Fab antibodies cross-link with the monomeric units of surface E glycoprotein dimers and prevent reorganization of E protein monomers into fusogenic trimers in endosomal acidic environment ([@B163]).

The Humanyx Fab phage library was screened for the antigen HM14c10, and an E1 anti-idiotypic antibody against HM14c10 was found to potently neutralize DENV. The same could be explored to develop therapeutics ([@B164]). E1 was able to detect HM14c10- and HM14c10-like antibodies in the sera of patients who recovered from DENV infection ([@B165]), which suggested that it is a common idiotype and could be further tailored to obtain the desired results, including broader neutralization capability and diminished ADE.

The salient strategies to counter DENV/ZIKV ADE are summarized in Figure [2](#F2){ref-type="fig"}.

![Strategies to counter Dengue virus (DENV)-antibody-dependent enhancement (ADE)/Zika virus (ZIKV). (1) *Mutations in the Fc region*: removal of native Fc N-linked glycosylation site and the "LALA" double mutation (Leu234Ala together with Leu235Ala) in the Fc region of antibody prevents binding to FcγR. (2) *Bispecific antibodies*: bispecific antibody (DVD-1A1D-2A10) with anti-DENV monoclonal antibody (mAb) 1A1D-2 (1A1D) specific to the E-DIII, check the virus attachment to the cell, and mAb 2A10, will bind to the E-DII and further prevents the endosomal fusion of the virus. This neutralizing antibody neutralizes all the DENV serotypes without inducing ADE. Similar strategies can be employed for the ZIKV. (3) *Swapping of Fc region*: the Fc region of D23-1G7C2-IgG1 can be changed to generate antibodies with each of IgG subclasses (IgG2--4). The swapping of the Fc region might result in reduced ADE activity in FcγRI and FcγRII-bearing THP-1 cells in the case of IgG2 or IgG4 subclasses. (4) *Anti-idiotypic antibodies*: anti-idiotypic antibodies (prM-AIDs) targeted to prM mAb largely reduces the symptoms of ADE.](fimmu-09-00597-g002){#F2}

Conclusion and Future Prospects {#S12}
===============================

Zika virus and DENV are both vector-borne members of the *Flaviviridae* family. There is high similarity among the members of this family at the nucleotide and amino-acid levels, and this can lead to the development of cross-protective and cross-reactive antibodies. In the same geographical area, ZIKV and DENV infections may lead to generation of antibodies that might be either neutralizing or non-neutralizing. Non-neutralizing cross-reactive antibodies may lead to ADE, which is a well-known phenomenon in DENV but has not been confirmed in ZIKV infections. As most countries with confirmed ZIKV cases are also endemic for DENV, there is higher probability that ZIKV intensity may be amplified, owing to preexisting DENV cross-reactive antibodies. At present, there is evidence for the existence of *in vitro* ZIKV ADE in the presence of preexisting DENV antibodies, but in the rhesus macaque model of ADE, a reduction in viremia was observed, which indicates differences between *in vitro* and *in vivo* models. The underlying reason may be the involvement of CD8 + T-cell response in protection. These differences between *in vitro* and *in vivo* results must be understood for the successful design of a single vaccine that will provide immunity against both DENV and ZIKV. Above, we also noted that antibodies generated against EDI/II were mainly cross-reactive and might contribute to ADE of ZIKV; hence, further study is required to identify the specific region responsible for this cross-reaction. Similarly, studies should also be designed to determine whether antibodies against all serotypes of DENV cause a similar intensity of ADE in ZIKV infections.

Apart that various other factors, including the DENV serotype responsible for primary infection, the time interval between DENV and ZIKV infections and parity of DENV serotypes prior to infection with ZIKV must be taken into account to confirm ADE of ZIKV due to preexisting DENV antibodies. For this purpose, case control studies in different DENV-ZIKV endemic areas in people belonging to similar age, geographic area, ethnicity, sex, etc. Not much is known about the reciprocal response of anti-ZIKV antibodies to the enhancement of DENV infections; however, some reports have confirmed ADE of DENV in the presence of preexisting ZIKV antibodies. Studies are warranted to determine whether ADE of ZIKV can occur in the presence of antibodies to other flaviviruses. Further insights into the molecular aspects of DENV-ADE of ZIKV will assist the development of better therapeutic approaches and might also aid in the development of a pan-DENV/ZIKV vaccine. Until ADE of ZIKV infections by preexisting DENV antibodies is established, information regarding engineered antibodies and avian egg antibody will be helpful in the design of therapies with improved efficacy and safety against DENV and ZIKV infections.
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